Regional distance seismic moment tensor determinations and broadband waveforms of moment magnitude 4.6 to 4.9 earthquakes from a November 1997 Long Valley Caldera swarm, during an inflation episode, display evidence of anomalous seismic radiation characterized by non-double couple (NDC) moment tensors with significant volumetric components. Observed coseismic dilation suggests that hydrothermal or magmatic processes are directly triggering some of the seismicity in the region. Similarity in the NDC solutions implies a common source process, and the anomalous events may have been triggered by net fault-normal stress reduction due to high-pressure fluid injection or pressurization of fluid-saturated faults due to magmatic heating.
The Long Valley Caldera (LVC) of eastern California ( Fig. 1 ) is tectonically and volcanically active. The 15-km-wide and 30-km-long caldera has produced numerous eruptions since the penultimate event 730,000 years ago that ejected 600 km 3 of rock and formed the caldera through subsequent collapse. The current seismic unrest in the LVC began in 1980 with episodic earthquake swarms and the inflation of a resurgent dome (1) (Fig. 1) . As a result of this activity the U.S. Geological Survey initiated extensive seismic, ground deformation, and chemical monitoring in 1982. These surveys have revealed episodic seismicity swarms that correlate with the inflation of the resurgent dome, but confirmation of direct fluid involvement in the seismicity has been elusive.
In May 1980, four magnitude (M) 6 earthquakes occurred: two south of the LVC in the vicinity of the Hilton Creek fault, and two in the south moat of the caldera (Fig. 1) . Two of these events, one located at the caldera margin and the other 12 km to the south, as well as an earlier event in 1978, were found to have significant non-double couple (NDC) seismic moment tensors (2) .
The latest episode of LVC deformation began in 1997 and first became apparent in twocolor laser geodimeter data as increased inflation of the resurgent dome in June followed by earthquake swarm activity in the south moat in July. Deformation rates and swarm activity continued to increase through October to rates exceeding 2 cm/month and 100 M Ͼ 1.2 earthquakes per day. Swarm activity, strain, and tilt rates increased on 22 November 1997, with the onset of a series of M Ͼ 4 earthquakes. A borehole strain meter recorded a transient signal over the next week. Dome inflation, deformation, and swarm activity returned to background rates in early 1998 (3).
We investigated anomalous radiation characteristics of the 1997 earthquake swarm using a moment tensor methodology. The seismic moment tensor, Mij, provides a general representation of the seismic source and can be determined by the linear inversion of observed seismic ground motions with appropriately calibrated Green's functions (4) . Mij is commonly decomposed into double couple (DC), compensated-linear-vector-dipole (CLVD), and isotropic components (5) , where each of the components of the moment tensor decomposition is represented as a percentage of the total (6). The DC consists of two vector dipoles of equal magnitude but opposite sign, resolving shear motion on faults oriented 45°to the principle eigenvectors of Mij. The CLVD consists of a major vector dipole with twice the strength and opposite sign to two orthogonal, minor vector dipoles and can describe the separation or compression of a fault with no net volume change. The isotropic component has three orthogonal vector dipoles of equal magnitude and resolves volumetric changes.
NDC seismic moment tensors have been observed in a variety of tectonic and volcanic environments. Several mechanisms such as multiplanar rupture (7, 8) , nonplanar rupture (9) , and tensile failure (10) have been proposed to explain observed NDC moment tensors. In principle it should be possible to determine the isotropic components given body and surface wave data; however, they are difficult to resolve (11) , and only a few studies have reported significant volumetric components (12, 13) .
Routine analysis of seismic moment tensors by the Berkeley Seismological Laboratory revealed that a number of events in the November 1997 swarm displayed unusual seismic radiation patterns (14) . Seven events ( been reanalyzed with our method, which inverts three-component, complete seismograms (including regional P and S body waves and Love and Rayleigh surface waves), recorded at the five closest Berkeley Digital Seismic Network stations ( Fig. 1) , for the complete seismic moment tensor (4) . As an example of the inverse procedure we compare the deviatoric and full moment tensor (FMT, including isotropic components) solutions for EVT4 (Fig. 2, A and B) . We typically find that CLVD components are Յ30% for earthquakes in Northern California. The deviatoric inversion ( Fig. 2A) yielded an anomalous solution with a 67% CLVD component, while the FMT solution (Fig. 2B) shows a large 42% isotropic moment, the sign of which indicates volumetric expansion. In contrast, the deviatoric inversion for EVT6 yielded a nearly pure DC solution and the FMT inversion yielded a large DC component (Table 2 and Fig. 2 , C and D). Four events, EVT1-4, were found to have anomalous NDC moment tensors including large dilatational volumetric components, and three, EVT5-6 and REF1, resulted in nearly pure DC solutions ( Table 2) . Tests of inversion sensitivity, forward modeling of the data, examination of Poisson ratio sensitivity, and three-CLVD decompositions of deviatoric inversion results indicate that there is no tradeoff between a vertical-CLVD and the isotropic component that we report.
To estimate the significance of the deviatoric and FMT solutions, we evaluated the improvement in fit to the data using the F test (15) ( Table 2) . A grid search algorithm was used to determine the best pure DC solution for each event. The FMT solutions of the anomalous events (EVT1-4) satisfy the F test for significance above the 95% level relative to a reference DC solution. The F test using the deviatoric solution as reference indicates Ͼ90% significance for EVT1 and Ͼ95% significance for EVT2-4. The FMT solution for these four events resulted in isotropic moments that are a considerable fraction of the deviatoric moment, and the improvement in fit is statistically significant whether the DC or the deviatoric NDC solution is used as a reference ( Table 2 ). The maximum eigenvalue for all of the inversions is extensional, and the corresponding eigenvectors are nearly horizontal and oriented to the southwest. This orientation is consistent with regional strain and the inflation of the resurgent dome that is observed in the LVC (1). Deviatoric inversions for EVT5 and EVT6 resulted in large DC components, and the FMT inversions resulted in isotropic components of 12% or less and large DC components. The F tests for EVT5-6 indicate that the reduction in variance is not statistically significant above 95%, and in fact, it is only significant at the 65% level at best. REF1 located outside of the LVC is another event with a small, statistically insignificant, isotropic component.
For additional insight into the significance of the results, we tested the stability of the solutions using subsets of the data to explore the possibility that a given station or combination of stations may be controlling the inversion. In our Jackknife test, we performed inversions using all combinations of one, two, three, four, and five stations for the LVC events (Fig.  3) and found a clear separation between the anomalous events that satisfied the F test and the reference events that did not. The reference events with small isotropic components (ϳ10%) indicate that it is not possible to resolve isotropic components of 10% or less. The mean value of the isotropic percentage for EVT1-4 lies between 27 and 45% and is stable for all of the station subsets. The stability of one-and two-station inversions indicates that azimuthally dependent path effects are not a factor in the inversion results of the anomalous events. The stability of the four-station inversions reveals that the isotropic component is not due to the dominance of any one station.
Broadband P waveforms also show anomalous behavior (Fig. 4) . REF2 and REF3 are small events that have similar P waveforms and first-motion focal mechanisms, indicating that the observed P-wave complexity may be due to path effects. Although it is possible that the complex P waveform of these events is due to an identical source process, this is unlikely, and the first P pulse is interpreted as direct P, and the two that follow are likely reflected arrivals or mode conversions. Assuming a constant stressdrop scaling law and a value of 3 MPa, a source duration of 0.2 s is obtained for REF3 and 0.06 s for REF2 (16). The observed duration of the direct P pulse is the same for the two events, suggesting that seismic-wave attenuation may be broadening the pulses. EVT6 resulted in a nearly pure DC solution that is similar to the first-motion solutions of REF2 and REF3 and is also seen to have a similar P waveform. The estimated source duration of 0.46 s, for a stress drop of 3 MPa, is consistent with the observed duration of 0.5 s, indicating that for the larger events, the duration of the P waves is a good representation of the source process time.
The P waveforms of EVT1, EVT2, and EVT4 have unusually long duration. There is a 2-to 2.5-s source phase with superimposed shorter period arrivals. Estimated static stress drops based on these long source durations are Ͻ Ͻ0.1 MPa and are outside the 1-to 10-MPa range observed in most earthquakes (17). For example, assuming a stress drop of 3 MPa, a duration of 0.58 s is obtained, which is less than a third of the observed duration. EVT3 is an anomalous moment tensor event that has an emergent onset to the P waveform, but does not have the long-period source component observed in the other three events.
The isotropic moment was used to estimate the change in source volume (⌬V) through the equation, M 0iso ϭ [ ϩ (2/3)]⌬V (18), where M 0iso is the scalar seismic moment of the isotropic component, and and are the Lame and rigidity elasticity constants. Assuming that ϭ ϭ 3 ϫ 10 10 Pascal, the estimated values of ⌬V (Table 2) are much less than the 0.02 to 0.04 km 3 /year that can be attributed to the inflation of the resurgent dome (14) . For a spherical geometry, the radii of the volume increase are 28, 39, 25, and 43 m for EVT1-4. Assuming a static stress drop of 3 Mpa, the fault dimension, L, of each event was determined from the deviatoric seismic moment (16), and the fault separation, U N ϭ ⌬V/L 2 , was estimated (Table 2 ). U N is on the order of 5 to 10 cm, which is consistent with observed openings of exhumed magmatic dikes; however, U N Fig. 3 . Jackknife test illustrating the stability of the isotropic component for the three anomalous events (diamonds) compared to that for the DC events (squares) as a function of the number of stations used in the inversion. The symbols show the mean percent ISO Ϯ 1 SD (error bars). The sign of the volumetric component is dilation for EVT1-4 and EVT5-6, and compression for REF1. The orientation of the T axes for all of the station permutations for EVT4 is quite stable (inset); however, several of the single-station inversions deviate from the main cluster of T axes. Table 2 . Comparison of the deviatoric and full moment tensor inversion results. The percentages of DC, CLVD, and ISO (6) to the left are for the deviatoric inversions and to the right for the full moment tensor inversions. The deviatoric M 0 for the full moment tensor inversion is given.
Full are the F statistics comparing the DC to deviatoric, the DC to full, and deviatoric to full moment tensor solutions, respectively (15) . Maximum critical values of F to exceed are 1.24, 1.36, and 1.55 for confidence levels of 90, 95, and 99%, respectively. is inversely proportional to L 2 and is therefore subject to uncertainty. For example, a stress drop of 0.1 MPa results in separations of between 0.5 to 1 cm.
An anomalous compressional volume strain transient was observed during this sequence on the POPA dilatational strain meter located 11 to 13 km to the west of the study events (Fig. 1) . This exponential-like strain event (Fig. 5) apparently initiated with EVT1 at 12:06 UTC on 22 November and decayed with a 2.3-day time constant. Coseismic extensional strain steps of Ϫ3.5, Ϫ6.3, and Ϫ19 nanostrain were observed with events EVT1, EVT2, and EVT3, respectively. EVT4 on 30 November produced a coseismic compressional strain step of 37 nanostrain with no additional transient nature. Coseismic strain offsets usually agree with calculations based on moment release by earthquakes (19). Coseismic offsets for all events are about a factor of 2 or greater than offsets calculated for POPA, assuming simple DC dislocations. These independent data support the contention that significant volume change occurred with these later earthquakes. Inclusion of the volume components inferred above into the offset calculation reduces the discrepancy but still underestimates the observed offsets. This suggests that additional volumetric moment release occurred outside the pass band of the seismometers.
It has been suggested that NDC moment tensors for the 1980 events could be due to tensile failure resulting from injection of high-pressure fluid (10), simultaneous fault slip of two differently oriented DC sources (7), and bias due to unaccounted for nearsource crustal structure (7) . None of these studies allowed for an isotropic component, and it is not known if the 1980 and 1997 events are similar in this regard; however, they are quite similar in terms of the NDC deviatoric moment tensor solutions. The observation of significant volumetric expansion components in the moment tensors of 1997 LVC seismicity indicates a direct relation between at least some of the seismicity and hydrothermal or magmatic processes. Magma intrusion rapid enough to cause the May 1980 events cannot be ruled out (10); however, the source process times of the 1997 events, although unusually long, are too short to be explained by the injection of low-viscosity magma. The isotropic components may be due to the injection of high-pressure fluids or pressurization of a fluid-saturated fault by heat from a nearby magmatic body. A northeast-dipping dike from just north of the south moat of the caldera is one possible model that can explain the transient dilatational strain anomaly of 22 November 1997 (3). The modeled dike fails to bisect the faults in the south moat, and a direct interaction seems unlikely, although it is possible that a network of fractures may allow effective fluid and heat transport. Right-lateral shear on an east-west striking fault coupled with a minor inflation source can also explain the strain data (3), and a possible scenario for the recent LVC activity is the evolution of the system from a locked fault, to stick-slip motion, to stable-sliding as fault pore pressure increases. Long Valley Caldera Monitoring Report, 1997.
15. It is possible to fit the data better with models that have a greater number of unknowns. The F test is used to determine whether a model with a change in the number of free parameters fits the data significantly better than might be expected from random fluctuations in the data [W. Menke, Geophysical Data Analysis: Discrete Inverse Theory (Academic Press, New York, 1989), pp. 96 -97. There are five unknowns in the DC inversions (depth, scalar seismic moment, strike, rake, and dip), six in the deviatoric moment tensor inversion, and seven in the full moment tensor inversion. To perform the test, the variance, 2 , of the data is estimated from the model prediction error, e i ϭ (data i Ϫ synthetic i ), where 2 ϭ ͚ e i 2 /(N Ϫ M) and N and M are the number of observations and model parameters, respectively. The F statistic is the ratio of the two data variance estimates. Critical values of F above which the difference in the variance is significant can be calculated from the F distribution. For the calculations in this report, considering a 20-s correlation length for the data, the critical values of F are 1.36 (95% confidence) and 1.55 (99% confidence). Fig. 1 ) with cumulative M Ͼ 1.5 seismicity in the south moat of LVC. Three steps in cumulative seismicity are observed. The step in seismicity on 22 November is seen to correlate well with a compressional strain transient.
